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ABSTRACT 
We examine selected paleomagnetic data of Tertiary age in order to assess previously suggested models of the non-dipole 
portion of the paleomagnetic field. Data from three localities on the African plate (from DSDP Leg 73, ODP Leg 115 and 
from Gubbio) indicate that the axial octupole contribution was near zero in the Paleocene and was likely no greater than 
5-6% of the axial dipole in the Oligocene. Additional data from North America, which can be linked to Africa using 
well-known relative plate motion parameters, uggest that a positive axial quadrupole field has been present hroughout the 
Tertiary. To investigate some of the practical consequences of these estimates, we apply a non-dipole field model (3 to 4% 
gO~gO, 0% g°/g°l) to paleomagnetic data from two ODP sites on the African plate (Sites 710, 711) and from the Deccan 
Traps. We show that paleomagnetic directions from these deep-sea sediments and from this flood basalt province appear 
consistent with a fixed hotspot model, suggesting in particular that there has been little or no Cenozoic drift of the Rrunion 
hotspot. 
1. The paleomagnetic field configuration 
The application of paleomagnetic measure- 
ments to tectonic studies requires that the 
paleomagnetic reference field be accurately known. 
Usual practice in most tectonic studies invokes the 
dipole hypothesis to determine paleolatitude from 
the observed paleomagnetic directions. Observa- 
tions from rocks that are only a few million years 
old generally support the dipole hypothesis: the 
time-averaged field configuration largely matches 
the field of a geocentric axial dipole (GAD); how- 
ever, non-dipole components can also be detected 
in the time-averaged field [1,2,3,4]. This long-term 
non-dipole field amounts to a few percent of the 
geocentric axial dipole and suggests that in de- 
tailed tectonic studies, non-dipole field effects 
cannot be neglected without consequence. 
Although these non-dipole components of the 
mean field have been relatively small during the 
past few million years (less than 5% of the GAD), 
larger non-dipole fields may have existed during 
other intervals in earth history. Indeed, two 
spherical harmonic studies of the time-averaged 
field available for pre-Pliocene times [2,5] indicate 
significantly larger non-dipole fields during parts 
of the Tertiary and Mesozoic, amounting at times 
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to 10-15% or more of the GAD. Non-dipole com- 
ponents of such magnitudes would lead to sub- 
stantial systematic errors in paleomagnetic pole 
positions and thus could complicate tectonic inter- 
pretations and reconstructions considerably. In 
this paper we attempt o test the reality of these 
prior indications of large non-dipole contribu- 
tions. 
Prior models of pre-Pliocene non-dipole fields 
[2,5] have been determined using global paleomag- 
netic data compilations. Because the Plio-Pleis- 
tocene age paleomagnetic field has, in general, 
been found to be axially symmetric [3,4], it ap- 
pears reasonable to assume that the Tertiary age 
paleomagnetic field can be adequately described 
by including only the two lowest-degree zonal 
Gauss coefficients: gO (the axial quadrupole) and 
g3 ° (the axial octupole). To estimate one or both of 
these non-dipole components, prior analyses ex- 
plicitly compensated for known plate motions 
(using parameters determined from marine mag- 
netic anomalies and fracture zone trends) and 
derived estimates of spherical harmonic terms from 
the resultant global data sets. In this analysis, 
some of the results of the prior global studies are 
tested using data from the African plate alone, by 
comparing the variation in paleomagnetic field 
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directions over Africa with the predictions of a 
given non-dipole field model. In particular, we test 
previously suggested values for the zonal octupole 
field using relatively new data that were not in- 
cluded in the previous non-dipole field studies. A 
further advantage of restricting the analysis to a 
single plate is that we eliminate the possible in- 
fluence of systematic errors stemming from the 
plate reconstruction. 
Although it is more difficult, we would also like 
to test previously suggested values for the zonal 
quadrupole. The quadrupole component, being a 
lower-degree t rm than the octupole, will not give 
rise to a detectable anomalous variation in 
paleomagnetic direction over the single plate 
studied. We can only evaluate quadrupole field 
models using data from more widely separated 
longitudes and have attempted to do this using 
selected data from western North America. Be- 
cause the relative motion of North America with 
respect o Africa is well-known, introducing data 
from North America should, in principle, intro- 
duce little error. The possibility of internal defor- 
mation within North America itself, however, is 
more difficult to address. We discuss this problem 
below in our consideration of the quadrupole re- 
sults. Two intervals were selected for study: 60-65 
Ma (corresponding, nominally, to the Paleocene) 
and 30-40 Ma (nominally the Oligocene). For 
each interval, we consider a small set of data 
(Table 1) from three regions on the African plate 
(Fig. 1): the western Indian Ocean basin; the area 
of the Walvis ridge and Angola abyssal plain; and 
the northern promontory of the African plate in 
the Mediterranean. We anticipated that such a 
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Fig. 1. Sites on the African plate used to test models of the 
paleomagnetic field. DSDP and ODP site numbers identify 
ocean drilling sites. 
single-plate test of the field configuration most 
sensitive. Moreover, by using sites that are rea- 
sonably well-balanced between northern and 
southern hemispheres, the octupole might be 
estimated independently of the possible quadru- 
pole contribution. These requirements essentially 
mandated the use of inclination-only paleomagne- 
tic data: from azimuthally unoriented deep-sea 
cores, or from formations which may have been 
tectonically rotated. 
2. Method 
To test whether the data are compatible with a 
particular non-dipole field model we use an al- 
gorithm developed originally to calculate poles 
using paleomagnetic data from oceanic plates [6]. 
In this application, the colatitude (O) associated 
TABLE 1 
Data localities 
Region Site Lat. ( ° ) Long. ( o ) Ref. 
(N) (E) 
Angola Abyssal P la in/  DSDP Site 523 -28.55 -2 .25 [18] 
Walvis Ridge DSDP Site 524 -29.48 3.51 [18] 
Mascarene Plateau ODP Site 706 -13.12 61.37 [11] 
ODP Site 707 - 7.55 59.02 [14] 
Italy Gubbio/Contessa 43.38 12.57 [8] 
Gubbio 43.37 12.57 [9] 
North America Mogollon-Dati l  Field 33 - 107 [21] 
Nacimiento Fm. 36.55 - 107.92 [23] 
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with each observation of paleomagnetic nclina- 
tion ( I )  is calculated using [3]: 
tan( I )  = [2cos0 + G2((9/2)  cos20 - (3/2))  
+ G3(10cos30 - 6cos0)] /
[sin0 + G2(3sin0 cos0) 
+ G3((15/2) sin0 cos20 
- (3/2) sin0)] -1 (1) 
where upper case denotes ratios of the zonal Gauss 
coefficients to the GAD; i.e., G2 = gO/gO and 
G3 =gO~gO. The acceptability of a particular 
non-dipole field model is evaluated using the X 2 
statistic determined from the pole-fitting al- 
gorithm by comparing the observed and calculated 
colatitudes. If the X 2 value calculated for a par- 
ticular field model is too large, we reject the null 
hypothesis that the model fits the data. Acceptable 
models are then those which render X 2 less than a 
critical value and the best-fitting non-dipole field 
model is taken to be the one that minimizes the 
computed X 2 value. 
3. Ax ia l  oc tupo le  
3.1. Paleomagnetic data 
We consider data from ocean drilling sites in 
the area of the Walvis Ridge (DSDP Leg 73) and 
the Mascarene Plateau (ODP Leg 115), and from 
land-based ata from Gubbio in the Apennines of 
peninsular Italy (Tables 2 and 3). As mentioned, 
we presume that this part of Italy was on the 
Adriatic promontory of the African plate follow- 
ing the arguments of Channell et al. [7] and ex- 
amine this assumption more fully below. Because 
the cores from the ocean drilling legs are not 
azimuthally oriented, and because of the possibil- 
ity of vertical axis rotation of the Italian sections, 
TABLE 2 
Paleocene incl ination data 
Site Age Incl. Std error Std error in 
(Ma) ( o ) in incl. paleo-colat. 
(o) (o) 
DSDP Site 524 60-65 -64 .2  1.0 1.3 
ODP Site 707 63-65 -43 .3  2.0 1.5 
Gubbio  60-66 42.0 2.4 1.8 
Note that the error estimates shown are used in the calculat ion 
of X 2. 
TABLE 3 
Oligocene incl inat ion data 
Site Age Incl. Std error Std error in 
(Ma) ( o ) in incl. paleo-colat. 
(°) (°) 
DSDP Site 523 30-40 -57 .3  2.0 2.1 
ODP Site 706 33-35 -36 .3  2.0 1.4 
Gubb io /Contessa  25-38 45.0 1.2 1.0 
Note that the error est imates hown are used in the calculat ion 
of X 2. 
all these paleomagnetic data are considered as 
inclination-only results. 
From a study of the Contessa sections at Gub- 
bio, we use the total (normal and reverse polarity) 
mean inclination (45 °) found by Lowrie et al. [8] 
for Oligocene sediments which are well dated from 
biostratigraphy and magnetostratigraphy. For the 
Paleocene, we use the thermal demagnetization 
results of Roggenthen and Napoleone [9] for Gub- 
bio (42 °) rather than the Paleocene directions of 
Lowrie et al. [8] because the former are slightly 
better constrained (ot95 = 5.9 ° compared with o~95 
= 8.8°). In any case, the mean inclinations found 
in the two studies differ by only 3 ° . We calculate 
1-sigma errors on inclination from the published 
c%5 value after applying the correction of De- 
marest [10], using only the inclination component 
of the full-vector average. 
From the Mascarene Plateau, we use for the 
Oligocene interval results from ODP Site 706 [11] 
which are derived from a 40 m section of nanno- 
fossil ooze. In that study we calculated a mean 
inclination of - 36.3 ° using a maximum likelihood 
method [12]. (Note that in computing the inclina- 
tion, we took care to use McFadden and Reid's 
equation 40 with the unhatted value of 0 and not 
the hatted value as was incorrectly used in their 
numerical example [P. McFadden, pers. commun., 
1986], and so the maximum likelihood estimates of 
inclination are always steeper than the simple 
arithmetic average, as they ought to be.) Biostrati- 
graphic evidence, in conjunction with the uni- 
formly reverse polarity of Site 706 sediments, indi- 
cates an age between anomaly 12 and 13 time 
(32.90-35.29 Ma [13]); i.e., early Oligocene. We 
derive Paleocene data for the Mascarene Plateau 
from basement lavas at ODP Site 707 [14] rather 
than from sediments. The age of these lavas is 
constrained by the overlying Paleocene sediments 
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as well as radiometr ic  estimates which give 63.7 + 
1.1 Ma [15]. The rel iabi l i ty of these paleomagnet ic  
data are somewhat suspect because it is not clear 
whether secular variat ion has been completely 
averaged;  however,  the average inc l inat ion 
( -  43.2 °) agrees reasonably well with more exten- 
sive paleomagnet ic  data from the Deccan Traps 
on the conjugate side of the Carlsberg Ridge 
[16,17]. We again calculate errors on incl ination 
from the ot95 value using Demarest 's  [10] correc- 
tion factor. F rom the region of the Walvis Ridge, 
we use the incl ination data from DSDP Leg 73, 
which were averaged in 5 m.y. windows by Tauxe 
et al. [18] using the method of Kono [19]. For  the 
Oligocene interval, we have used their 30-35 and 
35-40 Ma values from Site 523. These two values 
show substantial  var iat ion in incl ination over this 
age range ( -53 .3  ° for 30-35 Ma compared with 
-61 .2  ° for 35-40 Ma) and so we take the average 
of these two values ( -57 .3  °) to be representative 
of the Oligocene. We further presume that the two 
incl ination values given for 30-35 and 35-40 Ma 
represent he 95% error l imit on our composite 
average (of + 4 °) and use this to estimate a stan- 
dard error in incl ination ( + 2°). For  the Paleocene 
interval, we use the 60-65 Ma incl ination average 
( -64 .2  ° ) from the sediments dri l led at Site 524 
[18], with the associated confidence limits. 
3.2. Paleocene result 
We compared the three Paleocene incl ination 
data from the Afr ican plate to a wide range of 
non-dipole field models, varying both the mod- 
elled quadrupole and octupole contr ibut ions from 
-20  to + 20% of the geocentric axial dipole term 
(Fig. 2). The range of acceptable field models 
corresponds to those which give X 2 less than 3.8 
for the 95% confidence region. Outside of this 
acceptance region, one can reject the null hypothe- 
sis that the field model  fits the data. The critical 
value defining the acceptance region is determined 
from tabulated values of the X 2 distr ibut ion with 
1 degree of freedom. (Because the lat itude and 
longitude of the pole are also determined in the 
computat ion of X 2 for a given field model, the 
number of degrees of freedom is always two less 
than the number of observations.) The Paleocene 
results show that the acceptabi l i ty of a part icular 
field model  depends pr imari ly  on the value of the 
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Fig. 2. Range of acceptable non-dipole field models for the 
Paleocene compatible with African plate data. Contours of 
reduced X 2 (X 2/degrees of freedom) shown. Models which fall 
outside of the shaded area (defined by reduced X 2 = 3.8) can 
be rejected with 95% confidence. 
the quadrupole (G2) cover a considerable range, 
from at least -10% < G2 < + 10%. With in this 
range of quadrupole values, we find that the oc- 
tupole must be between -4  and +5% for the 
Fig. 3. Locus of allowable pole positions for the three Paleo- 
cene inclination-only sites analyzed (Table 2). Bold lines show 
small circles centered on each site and having a radius equal to 
the calculated paleo-colatitude. The three small circles intersect 
at one point using a GAD (0% G2, 0% G3) field model. 
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TABLE 4 
African pole positions derived from inclination-only results 
D.A. SCHNEIDER AND D.V. KENT 
Age Field Lat. ( o ) Long. ( o ) Semi-major Semi-minor Orientation (o)  
model (N) (E) axis ( o ) axis ( o ) (c.w. from N) 
Paleocene GAD 70.1 - 147.0 4.4 2.4 105 
Oligocene GAD 74.6 - 175.8 4.3 2.1 73 
Oligocene NDF * 75.9 - 167.0 4.4 2.0 81 
Orientation of 95% error ellipse is specified as direction of semi-major axis. 
• 0% G2, 5% G3. 
model to be acceptable. Models having the oc- 
tupole outside this range can be rejected at the 
95% confidence level. The best-fitting octupole 
value depends omewhat on the quadrupole, but is 
about 0 to + 1%, assuming a reasonably small 
quadrupole field. Thus the Paleocene inclination 
data from Africa will give a consistent pole posi- 
tion using a standard GAD field model (Fig. 3). 
The location of this pole (70.1°N, 147.0°W) is 
determined also by the fitting algorithm [6] (Table 
4). 
Within this range of quadrupole values, the oc- 
tupole can be no less than 3% or more than 10% 
for the model to be acceptable at the 95% confi- 
dence level. The best-fitting octupole (assuming a
reasonably small quadrupole field) is about + 5 to 
+ 6%. Thus Oligocene inclination data from Africa 
do not give a consistent pole position unless an 
octupole field correction is applied (Fig. 5). The 
location of the best-fitting pole, however, is not 
strongly dependent on the choice of field model 
(Table 4). 
3.3. Oligocene result 
The Oligocene results (Fig. 4) are similar in 
general form to those for the Paleocene. Again, 
the X 2 value depends primarily on the octupole 
and is not particularly sensitive to the quadrupole, 
at least over the range -10% < G2 < +10%. 
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Fig. 4. Range of acceptable non-dipole field models for the 
Oligocene compatible with African plate data. Conventions as 
in Fig. 2. 
4. Axial quadrupole 
4.1. General considerations 
Although the paleomagnetic data from Africa 
are sufficient to limit the range of acceptable 
octupole values, they are clearly not adequate to 
determine the quadrupole component. To do this 
requires data from a wider distribution of longi- 
tudes than are available in this single-plate test. 
Below we attempt o constrain the allowable range 
of quadrupole values by including data from North 
America (after these data are restored to African 
coordinates). For this reconstruction we use the 
rotation parameters of Klitgord and Schouten [20], 
interpolated to ages of 62.5 and 35 Ma for the 
nominal Paleocene and Oligocene intervals, re- 
spectively (81.5°N, -0 .6°E ,  A = 19.3 ° and 
76.5°N, 7.5OE, A = 9.7o). 
4.2. North American paleomagnetic data 
From North America for the Oligocene, we use 
the 30-40 Ma declination and inclination values 
(D = 351.0°; I = 47.3°; a95 = 4.4°) from a recent 
study of the Dati l -Mogollon volcanic field in the 
southwestern United States [21]. We correct the 
declination at this site by 1.3 ° to account for local 
clockwise rotation of the Colorado Plateau associ- 
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! 
Fig. 5. Locus of allowable pole positions for the three Oligocene inclination-only sites analyzed (Table 3). Bold lines show small 
circles centered on each site and having a radius equal to the calculated paleo-colatitude. The three small circles do not intersect at 
one common location using a GAD (0% G2, 0% G3) field model (left panel), but do intersect using a non-dipole (0% G2, 5% G3) 
field model (right panel). 
ated with late Tertiary Rio Grande rifting [22]. 
The 1-sigma errors, using the method of Demarest 
[10], are + 2.6 ° for the declination and + 1.8 ° for 
the inclination. 
For the Paleocene, we use results from the 
Nacimiento Formation [23] which is also located 
in the southwestern United States. Because the 
inclination results from these sediments have been 
thought to be artificially shallowed [24], we use 
only the declination (D  = 343.9°). A more critical 
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- . lo  
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Fig. 6. Range of acceptable non-dipole field models for the 
Paleocene compatible with African plate data and one North 
American declination result. The shaded 95% confidence re- 
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Fig. 7. Range of acceptable non-dipole field models for the 
Oligocene compatible with African plate data and one North 
American pole. The shaded 95% confidence region is defined 
by reduced X 2 = 2.6. 
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concern with this Paleocene result is to determine 
the amount of clockwise rotation experienced at 
this locality since the Paleocene. Although typical 
estimates for the total rotation of the Colorado 
Plateau are about 2-4 ° [25,26], much of this rota- 
tion likely took place during the Cretaceous. For 
the purposes of this analysis, we use the same 1.3 ° 
correction to declination that we adopted for the 
Oligocene (giving a corrected eclination of 342.6 
_+ 3.8°), recognizing that the actual Paleocene 
value could be somewhat larger. 
4.3. Paleocene result 
The results after including the North American 
datum (Fig. 6) do not change the previous esti- 
mates of the octupole substantially. The accepta- 
ble range of the quadrupole component is, as 
anticipated, better constrained; however, a rather 
large range of values (from 0 to +20%) remain 
acceptable. The best-fitting value for the quadru- 
pole is approximately +10%. 
4.4. Oligocene result 
For the Oligocene interval (Fig. 7), the allowa- 
ble octupole range is also largely unchanged when 
the North American data are included. The range 
of acceptable quadrupole values is reduced to 
between -1  and +12% (95% confidence). The 
best-fitting value for the quadrupole is about + 5 
to + 6%. 
5. Discussion 
5.1. Errors 
Although it is clear that the paleomagnetic data 
used here can be brought into agreement with a 
model of the time-averaged field that includes 
axial quadrupole and octupole terms, it is im- 
portant o consider whether departures from GAD 
directions might be attributed to causes other than 
non-dipole fields. The most likely source of sys- 
tematic error is spurious inclination shallowing. 
We may presume that the African results, which 
are largely from pelagic sediments, do not have a 
large original inclination error; however, the shal- 
lowing effects of later compaction of such sedi- 
ments may be substantial [27]. Consequently we 
cannot conclude with any assurance that the oc- 
tupole component suggested here reflects a true 
geomagnetic effect and so prefer instead to con- 
sider these results as an estimate of the maximum 
allowable positive value of G3 (i.e., undetected 
inclination shallowing would correspond to larger 
apparent positive values of G3). 
A second possible source of error is our as- 
sumption that Gubbio constitutes part of the 
African plate. Our reasoning is based on the argu- 
ments of Channell et al. [7] who compared the 
relative motion of Africa and Europe with the 
timing of deformation in the periadriatic region 
and concluded that Adria had moved with Africa 
since the Mesozoic. However, given the tectonic 
complexity of the region, some caution is de- 
manded. A southerly ancient position for Adria 
(with respect o Africa) would tend to increase the 
discrepancy in the dipole model and so, like com- 
paction, would tend to exaggerate the size of the 
octupole fit. Conversely, a more northerly position 
would tend to decrease the octupole estimates. We 
note that the Paleocene results from Gubbio fit 
quite reasonably with the other sites from the 
African plate using zero octupole field. Although 
this may be the result of two counterbalancing 
effects (southward tectonic motion compensating 
for a positive octupole field), it appears more 
180 °
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Fig. 8. Comparison of best-fitting pole positions (Table 4) to 
African APWP [18]. The poles calculated in this study are 
shown with bold 95% confidence llipses (PAL = Paleocene 
result using GAD model; OLI = Oligocene result using GAD 
model; OLI* = Oligocene r sult using 5% octupole correction). 
Circular confidence limits of 95% are shown for the African 
APWP of [18] (Tp = Pliocene; Tm= Miocene; To = Oligocene; 
Te = Eocene; Ku = Late Cretaceous). 
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likely that Adria has, in fact, been part of the 
African plate since the Paleocene. Thus the associ- 
ation of the Gubbio sections with Africa appears 
justified for both Paleocene and Oligocene inter- 
vals. 
The reliablility of the inclination data from the 
three regions studied is further suggested by our 
estimates of pole position which agree well with a 
prior estimate of the Tertiary apparent polar 
wander path for Africa [18] (Fig. 8). Indeed, it 
appears that this analysis of inclination-only re- 
suits may provide better constrained Oligocene 
and Paleocene poles for Africa (Table 4) than are 
now available from fully oriented paleomagnetic 
data. 
Note that we have not explicitly compensated 
for the effects of rifting in east Africa. Estimates 
show the total amount of opening of the rift to be 
minimal, in the range of several tens of kilometers 
[28], and so this motion may reasonably be ne- 
glected in our analysis. 
As mentioned, the difficulty in determining the 
timing and amount of rotation of the Colorado 
Plateau does add considerable uncertainty to the 
declination data from North America. A larger 
(uncorrected) clockwise rotation would give rise to 
greater positive estimates of G2. For example, 
increasing the declination result from North 
America by 1 ° would increase the estimate of G2 
by 2%. Thus caution is clearly warranted in testing 
quadrupole field models with these data. (A better 
version of this test of quadrupole field models 
might be formulated when adequate paleomagnetic 
data are available from more stable parts North 
America.) Nevertheless, a general assessment of 
the size and polarity of the quadrupole field can 
be reasonably deduced for the Tertiary. 
5.2. Comparison with prior models 
We can compare our results with non-dipole 
field studies by Coupland and Van der Voo [2] 
and of Livermore et al. [5] which have attempted 
to describe the paleomagnetic field for the Ter- 
tiary (and even earlier times). In all but one case 
(the declination of the Nacimiento result), the 
data we have used are independent; i.e, they were 
not used in these previous studies. Note that 
Livermore t al. [5] anticipated ifficulty fitting an 
octupole field and so restricted their study to the 
lower-degree quadrupole term. In contrast, our 
method allows the octupole, which will have a 
detectable ffect on data from a single suitably- 
located plate, to be estimated most readily. Note 
that in presenting their results, Coupland and Van 
der Voo [2] normalized their non-dipole field 
estimates by the absolute magnitude of the dipole 
field and thus we must invert the sign of their 
estimates to make a comparison. For the interval 
between 30 and 40 Ma, Coupland and Van der 
Voo [2] determined a quadrupole of about -3% 
and an octupole of about +12%. Such a field 
configuration is not compatible with our tests 
(Fig. 9). Indeed, our results indicate that the oc- 
tupole component may be about + 5 to + 6% and 
can be no greater than +10% (at a 95% confi- 
dence level) unless the quadrupole takes on some- 
what extreme values: less than -10% or greater 
than + 10%, but this does not appear likely. For 
60-65 Ma, Coupland and Van der Voo [2] sug- 
gested a more moderate octupole value of about 
+4% which is consistent with the acceptability 
range found here (Fig. 9). 
The reason for the discrepancy in the Oligocene 
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Fig. 9. Compar ison of al lowable ranges for quadrupole (G2) 
and octupole (G3) non-dipole components  found in this analy- 
sis with previous studies [2,4,5]. Dots  show quadrupo le+ 
octupole model of [2]; circles show alternative quadrupole 
models of [5]. 0 -5  Ma results are from [4]; 30-40 and 60-65 
Ma results are from this study. Shaded areas indicate 95% 
errors on non-dipole stimates. 
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the paleomagnetic data used in the study of Coup- 
land and Van der Voo [2] is severely affected by a 
spurious inclination error, which would shallow 
inclination and appear as a positive octupole com- 
ponent in a non-dipole analysis [4]. Or it may 
simply be that Coupland and Van der Voo [2] 
used an incorrect erm in calculating the octupole 
effect [4]. Indeed, if this latter explanation is cor- 
rect, then their octupole estimates hould be re- 
duced by about half, which would give quite good 
agreement with the African plate test formulated 
here. 
Our evaluation of the quadrupole ( -6%)  for 
the Oligocene is not well constrained; neverthe- 
less, the large range we find ( -1  to 13%) is still 
not compatible with the -3% estimate Coupland 
and Van der Voo [2] determined with their 
quadrupole + octupole model. Our results are in 
better agreement with the quadrupole-only model 
of Livermore et al. [5] who found a quadrupole 
between 3 and 10% for this interval. For the 
Paleocene, the models of Coupland and Van der 
Voo [2] suggest a substantial quadrupole of about 
16% which is within the range we found to be 
acceptable (0-20%). The analysis of Livermore et 
al. [5] for this interval depends on the data set 
analyzed. When they include Deccan paleomag- 
netic poles in their analysis, their quadrupole 
estimate is about 9% over the 60-70 Ma interval. 
This would match our results. With Deccan data 
excluded, their quadrupole result undergoes an 
abrupt change from about -10  to + 10% over the 
60-70 Ma interval and thus matches our results 
only at the younger end of this apparent rend. 
5.3. Implications 
The previous spherical harmonic studies sug- 
gested that there have been intervals during the 
Tertiary with rather large non-dipole fields that 
have quadrupole or octupole components of 10% 
or more. One study [2] further indicated that the 
quadrupole component of the field may have 
changed in sign over the Tertiary. We find that the 
octupole probably was not so large as was sug- 
gested. The best-fitting values found in this study 
would indicate that the quadrupole has decreased 
in magnitude from about 10% during the earliest 
Tertiary to about 3-4% during the past few mil- 
lion years; however, the errors on the Tertiary 
estimates of the quadrupole field are considerable. 
Thus, our results cannot rule out a large quadru- 
pole field (of perhaps 10% or more) during the 
earliest Tertiary, but data analyzed here do not 
demand such extreme values. The data do not, in 
any case, indicate any change of sign for the 
quadrupole. Because some positive quadrupole is 
required for all intervals tested, we suggest that 
the + 3 to +4% quadrupole field found for the 
past few million years [4] remains a reasonable 
field model to apply throughout he entire Ter- 
tiary. This conclusion would indicate that the usual 
dipole assumption of paleomagnetism may be im- 
proved upon in a systematic way so as reduce 
errors in determining the true position of the 
geographic pole. Below we explore what may be 
two related examples of this: the drift of Africa 
during the past 30 Ma and the paleolatitude of the 
Deccan Traps. 
Drift of Africa. The motion of Africa has been 
determined independently of paleomagnetic data 
using the traces of several oceanic hotspots [29]. 
This method assumes that these hotspots are rela- 
tively stable, an assumption that can be tested 
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Fig. 10. Paleolatitude volution of Ocean Drilling program 
Sites 710 (4.32°S, 60.98°E) and 711 (2.75°S, 61.17°E) east of 
the Seychelles Bank near the eastern margin of the African 
plate. Solid lines show prediction based on a fixed African 
hotspot model [29]. Shaded circles show the paleolatitudes 
estimated from paleomagnetic inclination data before (arrow 
tail) and after (arrow point) introducing a non-dipole correc- 
tion (3.8% quadrupole component) [11]. Open bars indicate 
95% errors on non-dipole corrected estimates of paleolatitude. 
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using paleomagnetism. Such a test, however, will 
depend fundamentally on the model used for the 
time-averaged geomagnetic field. 
In examining the paleomagnetic results from 
deep-sea sediments cored during ODP Leg 115 
[11], we invoked a field model which included a 
quadrupole component of 3-4%, equal to that of 
the last few million years [4]. This non-dipole 
correction reconciled the inclinations measured in 
cores from two sites on the Madingley Rise (east- 
ernmost African plate) with a hotspot-based plate 
motion model for Africa [29] (Fig. 10). Indeed it 
would appear that a non-dipole field correction is 
the only sensible way to reconcile the paleomag- 
netic data from these two sites with African hots- 
pot tracks. Spurious inclination shallowing cannot 
explain the discrepancy because the observed in- 
clinations are steeper than hotspot-based predict- 
ions. Nor does drift of the hotspots seem likely: 
the discrepancy between the hotspot and 
paleomagnetic predictions of paleolatitude is rela- 
tively constant from 5 to 28 Ma; thus these data 
do not suggest he steady incremental change that 
might be expected from a constant drift of the 
hotspots. 
Paleolatitude of the Deccan Traps. The Deccan 
Traps are thought to represent the initiation of a 
hotspot which is presently located beneath Rrun- 
ion Island in the southwest Indian Ocean [30]. It 
has been noted [14] that the latitude of Reunion 
Island (21°S) is somewhat north of the paleolati- 
tude determined for the source of the Deccan 
Traps using paleomagnetic data (about 26°S as- 
suming a GAD field model). Because the present- 
day latitude of the hotspot is outside the range of 
statistical errors for the estimate of Deccan paleo- 
latitude (22.5-30°S), it was suggested that there 
may have been about 5 ° of latitudinal drift of the 
Rrunion hotspot over the Cenozoic [14]. This 
analysis, however, is better carried out taking 
account of the non-dipole field. Although the oc- 
tupole field during the earliest Tertiary is minimal, 
some positive quadrupole component appears to 
be required during this period. As we have argued, 
a conservative value to use for this may be + 3 to 
+4%, as found for the Plio-Pleistocene. Because 
the Plio-Pleistocene quadrupole field is somewhat 
larger during reverse polarity intervals than during 
normal polarity [4], we presume that a value near 
+4% is appropriate to apply to the largely re- 
versed polarity Deccan Trap rocks. 
Recalculating the paleolatitude of the Deccan 
source region [14] using a 4% quadrupole model, 
we find a paleolatitude range that is shifted 2 ° to 
the north relative to that found with a GAD 
model. Assuming a full 10% quadrupole field 
would correspond to a 5 ° shift to the north. Thus 
even a conservative value for the quadrupole sug- 
gests that the source of the Deccan Traps was 
located between about 20.5 and 28°S, a range 
compatible with the present-day 21°S latitude of 
the Rrunion hotspot. Moreover, taking the 10% 
quadrupole value would virtually center the re- 
vised estimate of the paleolatitude range (17.5-25 °
S) on the present latitude of Rrunion. 
6. Conclusions 
Although it may be difficult to extend tradi- 
tional spherical harmonic analysis of the paleo- 
magnetic field to remote epochs, it remains possi- 
ble to estimate at least the octupole coefficient by 
examining the variation of the field over an indi- 
vidual plate. In this analysis we are able to esti- 
mate the axial octupole using data from Africa 
alone because this plate covered a considerable 
range of latitude in both northern and southern 
hemispheres. We find the octupole contribution to 
the field to be at most several percent of the 
geocentric axial dipole, similar in magnitude (but 
not sign) to Plio-Pleistocene values. 
We are further able to gauge the size of the 
axial quadrupole by linking Africa to North 
America. Although the estimation of this compo- 
nent is poorly constrained both because of statisti- 
cal uncertainty in the data and because of the 
possible systematic effects of local tectonic rota- 
tion, our results generally support the notion that 
a positive quadrupole is appropriate for the entire 
Tertiary. We argue that it is reasonable to apply 
this estimate of the quadrupole determined for the 
Plio-Pleistocene to all of the Cenozoic. To il- 
lustrate some important practical consequences to
this refinement of the paleomagnetic method, we 
have shown how the recognition of a quadrupole 
field allows paleomagnetic data from two ODP 
sites on the African plate to match the predictions 
derived from a hotspot-based plate motion model. 
We showed similarly that paleomagnetic data from 
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the Deccan  Traps  are cons is tent  w i th  the Rrun ion  
hotspot  hav ing  remained  f ixed s ince its in i t iat ion.  
The  cons is tency  so a f fo rded  by  a non-d ipo le  re- 
f inement  to the geocentr ic  axial  d ipo le  assumpt ion  
suggests that  a non-d ipo le  cor rect ion  may be  prof -  
i tab ly  app l ied  in deta i led  tecton ic  studies.  
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